Abstract: Eco-efficiency is a tool for sustainability analysis that indicates how to carry out economic activities effectively. This paper assesses agricultural eco-efficiency using data envelopment analysis (DEA) and the Theil index approach. Using basic data of 31 provinces in China during 2003-2013, we analyzed the agricultural eco-efficiency development level and spatial pattern in China. The results show that the agricultural eco-efficiency of only four provinces has been relatively efficient in the entire study period, namely, Zhejiang, Hainan, Chongqing, and Tibet. The results also show that agricultural eco-efficiency was higher mainly in south of the Qinling Mountains-Huaihe River Line and north of the Yangtze River area, that agricultural eco-efficiency is mainly affected by pure technical efficiency, and that highly efficient areas are mainly concentrated in the densely populated areas, i.e., the economic developed areas (except Tibet). The Theil index results show that the agricultural eco-efficiency difference weakened between provinces in China, as did western and northeast regions, but eastern and central regions show a slight upward trend.
Introduction
Agriculture is the foundation of human society's existence and development. The vital role of agriculture in providing food and fiber to a rising human population has made this productive activity a privileged field for sustainability analysis. Dating back to ancient times, the function of agriculture was primarily to provide food [1] [2] [3] . Later, at the dawn of economic development, agriculture came to additionally provide industrial raw materials and labor [3, 4] . In today's world, the function of agriculture is enriched because human demands have turned from basic materials to the esthetic, including leisure, tourism, and other forms of entertainment.
During the second half of the 20th century, the focus of China's agricultural policies was to expand food production faster than population growth and to maintain 100% grain self-sufficiency, with little regard to the negative environmental consequences of these policies. Since 1979, China's agriculture has been developed rapidly and has made tremendous achievements; using only 7 percent of the world's arable land, it provides most of the food for 22 percent of the world's current population [5] . However, the ecological system, which is the key supporting system for agricultural production, has degraded due to the extensive calculation method, the improper use of fertilizer, pesticides, mulch usage, and other climatic factors. The present study shows that the inefficient utilization of land, water, and other fossil resources is the main reason for environmental non-point source pollutions. The ecological degradation induced by non-point source pollution not only impedes the sustainable development of agriculture itself, but also will jeopardize the ecological system at a larger scale and lead
Materials and Methods

The SBM Model
Data envelopment analysis (DEA), which is a non-parametric frontier methodology, aimed at evaluating the relative efficiencies of a set of homogeneous decision-making units (DMUs) featuring multiple inputs and outputs by means of a variety of mathematical programming models, has long been serving as a methodology to evaluate economic, energy, environmental, and ecological efficiency [33] [34] [35] . As one of most popular DEA models, the slacks-based measure (SBM) model, which was proposed by Tone in 2001 [36, 37] , considers the input and output of each decision-making unit (DMUs) and provides an effective solution for the slack problem. Unlike traditional DEA models, which take into account the slackness problems of inputs and outputs caused by the radial and angular choices, the slack variables are directly added into the target function [38] . The SBM model is thus non-radial and deals with input/output slacks directly, eliminating the radial and oriented deviation [39] . During an ecological or environmental efficiency (or performance) estimation, the problem of undesired outputs will be inevitably encountered. This situation cannot satisfy the "maximum outputs" hypothesis of traditional DEA efficiency estimation. Therefore, undesirable outputs must be specially treated to expand the traditional DEA efficiency model. In order to further consider the relations between input, output, and undesirable outputs to better solve the slack problem of efficiency evaluation, Tone 
s represents slack variable of input and output, s´, s g , and s b are slack variables denoting input excess, link excess, and output shortfall, respectively. We take, s´, s g , and s b as variable when evaluating the overall eco-efficiency of DMU. s´, s g , and s b are strictly decreasing. x i0 represents the observed input of DMU i, y r0 represents the observed output of DMU r, and m represents the number of decision-making units. X, Y g and Y b are the matrices of the input, good output, and bad output, respectively, while X, Y g and Y b are all strictly larger than zero. λ represents the constant vector. ρ˚represents agricultural eco-efficiency, ρ˚P r0, 1s, ρ˚" 1, shows production units completely efficient, and s´" s g " s b " 0; ρ˚ă 1 shows a production unit's efficiency loss. We can improve eco-efficiency by optimizing the inputs and outputs. The SBM model is different from the traditional CCR model and the BBC model. The SBM model, putting the slack variable in the objective function, not only solved the problem input slack but also solved the efficiency evaluation in the presence of the undesirable output.
Eco-efficiency consists of two parts (pure technical efficiency and scale efficiency), it is generally believed that eco-efficiency is the product of pure technical efficiency and scale efficiency. The efficiency value calculated in SBM-CCR is the "eco-efficiency," whereas the efficiency value computed by SBM-BCC is "pure technical efficiency." The pure technical efficiency and scale efficiency explain the main source of inefficiency in DMUs. It may be the technical problems associated with the quantity and the combination of input and output factors or the whole operational scale.
The Theil Index
The Theil index is a statistic used to measure economic inequality and other economic phenomena and was the first used to study the income gap. Now, it has also been used to measure the imbalance of regional development. The Theil index is used to calculate regional differences in Chinese agricultural eco-efficiency in this paper. The Theil index is as follows:
T represents the Theil index of regional agricultural eco-efficiency; x i represents i province agricultural eco-efficiency; and x represents the average of regional agricultural eco-efficiency.
Data Selection and DMU
In order to characterize the agricultural eco-efficiency, we must also choose some structural variables. In the process of agricultural production, input means agricultural production and produce products (or value), while waste and emissions (or other undesirable outputs) are unavoidable [25, 40] . Therefore, this research, according to the eco-efficiency evaluation criteria of the WBCSD, refers to some of the latest research on the eco-efficiency evaluation [40] [41] [42] [43] [44] , combined with the availability of data, to construct evaluation index system.
The research area is Mainland China, excluding the Hong Kong Special Administrative Region, the Macao Special Administrative Region, and the Taiwan province. In this paper, we used the dataset of 31 provincial-level regions, including four regions, the eastern region (Beijing, Tianjin, Hebei, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, and Hainan); the northeast region (Heilongjiang, Jilin, and Liaoning); the central region (Shanxi, Anhui, Jiangxi, Henan, Hunan, and Hubei); and the western region (Inner Mongolia, Guangxi, Chongqing, Sichuan, Guizhou, Yunnan, Tibet, Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang). For this paper, we chose six input indices, namely, the sowing area, the agricultural labor force, agricultural water consumption, the total power of agricultural machinery, fertilizer input, and agricultural film input. We also chose two output indices, namely, the added value of agriculture and undesirable outputs. Undesirable outputs include total phosphorus, total nitrogen, waste agricultural plastic film, and so on. The paper focused on the period of [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . All the data in this paper was collected from the China Rural Statistical Yearbook (2004-2014) [45] . The pollutant discharge coefficient was collected from the first national pollution census manual. The China Rural Statistical Yearbook does not contain statistics regarding agricultural undesirable output, so we calculated the agricultural undesirable output according to the relevant input data. The undesirable outputs calculation is as follows:
C ji represents the amount of the i pollutants in j provinces; and K ji represents the residual coefficient of i input in the agricultural production environment in the j province; the pollutant discharge coefficient was collected from the first national pollution census manual; and N r represents the input that can produce the undesirable output. Since DMUs are the basis of DEA, it is very important to reasonably determine the DMUs. For the national level, we define every year as the DMUs; for the provincial level, we define each province as the DMUs.
Results
Overview of Agriculture Development in China
Since 1978, along with fast economic growth, the Chinese agricultural sector has made great achievements due to the implementation of the family-contract responsibility system, the increase in agricultural input, and the improvement in agricultural technology. Meanwhile, the pollutant emissions increased rapidly in the agricultural sector. By 2013, the added value of the agricultural sector increased more than three times from 2003 (from 1724. Since DMUs are the basis of DEA, it is very important to reasonably determine the DMUs. For the national level, we define every year as the DMUs; for the provincial level, we define each province as the DMUs.
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Since 1978, along with fast economic growth, the Chinese agricultural sector has made great achievements due to the implementation of the family-contract responsibility system, the increase in agricultural input, and the improvement in agricultural technology. Meanwhile, the pollutant emissions increased rapidly in the agricultural sector. By 2013, the added value of the agricultural sector increased more than three times from 2003 (from 1724. Shandong, Henan, Hebei, and other provinces with agricultural added value were the forefront of the country, while emissions of agricultural pollutants is also the forefront of the country. The provinces with high emissions of agricultural pollutants mainly concentrated in the western region, but their agricultural added value is relatively low. The northeast provinces had lower emissions of agricultural pollutants, but their agricultural added value is relatively high.
Agriculture Efficiency in China
Using the dataset and the variables described above, we used DEA solver pro 12.0 and the SBM model to calculate the agricultural eco-efficiency, pure technical efficiency, and scale efficiency, respectively. As shown in Figure 2 , the agricultural eco-efficiency, pure technical efficiency, and scale efficiency had volatile, interchanging trend intervals of increases and decreases over the entire research period. Overall, however, eco-efficiency, pure technical efficiency, and scale efficiency showed an upward trend. Change trends can be divided into three stages. . This document has promoted the coordinated development of the agricultural environment and agricultural resources, improved agricultural eco-efficiency, significantly developed the modern agriculture technology, improved the intensive agricultural production level, and formed a scale effect. Agricultural efficiency showed a rapid rise from 2006 to 2008 because of the Chinese government's implementation of the "two-breaks-three-subsidies" policy of agriculture, (reducing or remitting agricultural taxes and taxes on special farm produce, the implementation of direct subsidies, seed subsidies, and the purchase of large agricultural subsidies to grain farmers). There was then a rapid decline from 2008 to 2009, because freezing rain and snow disasters, the financial crisis in 2008, and the rise in price of agricultural production materials, chemical fertilizer, agricultural machinery, and other production materials prices led to a reduction in agricultural input, causing agricultural efficiency to decline. Shandong, Henan, Hebei, and other provinces with agricultural added value were the forefront of the country, while emissions of agricultural pollutants is also the forefront of the country. The provinces with high emissions of agricultural pollutants mainly concentrated in the western region, but their agricultural added value is relatively low. The northeast provinces had lower emissions of agricultural pollutants, but their agricultural added value is relatively high.
Using the dataset and the variables described above, we used DEA solver pro 12.0 and the SBM model to calculate the agricultural eco-efficiency, pure technical efficiency, and scale efficiency, respectively. As shown in Figure 2 , the agricultural eco-efficiency, pure technical efficiency, and scale efficiency had volatile, interchanging trend intervals of increases and decreases over the entire research period. Overall, however, eco-efficiency, pure technical efficiency, and scale efficiency showed an upward trend. Change trends can be divided into three stages. . This document has promoted the coordinated development of the agricultural environment and agricultural resources, improved agricultural eco-efficiency, significantly developed the modern agriculture technology, improved the intensive agricultural production level, and formed a scale effect. Agricultural efficiency showed a rapid rise from 2006 to 2008 because of the Chinese government's implementation of the "two-breaks-three-subsidies" policy of agriculture, (reducing or remitting agricultural taxes and taxes on special farm produce, the implementation of direct subsidies, seed subsidies, and the purchase of large agricultural subsidies to grain farmers). There was then a rapid decline from 2008 to 2009, because freezing rain and snow disasters, the financial crisis in 2008, and the rise in price of agricultural production materials, chemical fertilizer, agricultural machinery, and other production materials prices led to a reduction in agricultural input, causing agricultural efficiency to decline. The results given in Figure 3a -c provide eco-efficiency performance indicators of 31 provinces. The minimum values for the agricultural eco-efficiency, pure technical efficiency, and scale efficiency was 0.2624, 0.3135, and 0.8427, respectively; the maximum value is 1, 1, and 1, respectively. A comparison of the average of the agricultural efficiency indicates that the average scale efficiency of all of the DMUs was higher than the average of eco-efficiency and pure technical efficiency. In the entire research period, only four provinces performed relatively efficiently, namely, Zhejiang, Hainan, Chongqing, and Tibet, which means that all of their pure technical efficiency and scale efficiency values were 1, indicating that the resource utilization of such DMU, whether in technique or scale, reaches the fittest. The rest of the 27 provinces need to improve in the matching relation between the input factors to improve agricultural eco-efficiency. The agricultural eco-efficiency values of Liaoning, Shandong, Qinghai, Guangdong, Sichuan, Shanghai, Fujian, Jiangsu, Hubei, and Henan were all higher than the national average level, whereas those of Beijing, Guangxi, Shaanxi, Jilin, Hebei, Jiangxi, Hunan, Tianjin, Inner Mongolia, Heilongjiang, Anhui, Xinjiang, Yunnan, Guizhou, Shanxi, Gansu, and Ningxia were lower than the national average level. The pure technical efficiency results indicated that twelve provinces performed relatively efficiently, namely, Beijing, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Henan, Guangdong, Hainan, Chongqing, Sichuan, and Tibet. The scale efficiency results show only four provinces performing relatively efficiently, namely, Zhejiang, Hainan, Chongqing, and Tibet.
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Using the SBM model, there are only four provinces in which agricultural eco-efficiency performed relatively efficiently, namely, Zhejiang, Hainan, Chongqing, and Tibet. This result implies that the pure technical efficiency and scale efficiency are 1 in Zhejiang, Hainan, Chongqing and Tibet. Provinces such as Beijing, Liaoning, Shanghai, Jiangsu, Fujian, Shandong, Henan, Guangdong, and Sichuan have relative pure technical efficiency without showing ideal scale efficiency, which implies that these provinces' inefficiency is mainly due to the factors concerning operational scale. If these provinces can expand their production scale, they should be able to improve the eco-efficiency. The rest of the 18 provinces should improve the allocation of input and output factors to improve pure technical efficiency and expand operational scale to upgrade scale efficiency in order to boost the eco-efficiency. While examining the relationship between eco-efficiency, pure technical efficiency, and scale efficiency, provinces with higher eco-efficiency often present higher pure technical efficiency and scale efficiency. Table 1 shows the results of agricultural eco-efficiency, pure technical efficiency, and scale efficiency from 2003 to 2013. For the entire study period, only four provinces were eco-efficient, namely, Zhejiang, Hainan, Chongqing, and Tibet. Most of the agricultural eco-efficiency values for the provinces are relatively low. Eco-efficient DMUs are not only pure technical efficient but are also scale efficient. Using the SBM model, there are only four provinces in which agricultural eco-efficiency performed relatively efficiently, namely, Zhejiang, Hainan, Chongqing, and Tibet. This result implies that the pure technical efficiency and scale efficiency are 1 in Zhejiang, Hainan, Chongqing and Tibet. Provinces such as Beijing, Liaoning, Shanghai, Jiangsu, Fujian, Shandong, Henan, Guangdong, and Sichuan have relative pure technical efficiency without showing ideal scale efficiency, which implies that these provinces' inefficiency is mainly due to the factors concerning operational scale. If these provinces can expand their production scale, they should be able to improve the eco-efficiency. The rest of the 18 provinces should improve the allocation of input and output factors to improve pure technical efficiency and expand operational scale to upgrade scale efficiency in order to boost the eco-efficiency. While examining the relationship between eco-efficiency, pure technical efficiency, and scale efficiency, provinces with higher eco-efficiency often present higher pure technical efficiency and scale efficiency. Table 1 shows the results of agricultural eco-efficiency, pure technical efficiency, and scale efficiency from 2003 to 2013. For the entire study period, only four provinces were eco-efficient, namely, Zhejiang, Hainan, Chongqing, and Tibet. Most of the agricultural eco-efficiency values for the provinces are relatively low. Eco-efficient DMUs are not only pure technical efficient but are also scale efficient. In order to examine the spatial variation of the agricultural efficiency, we used GIS software to analyze the spatial distribution of agricultural efficiency. We used different colors to represent different (Table 2) . Table 2 . Classification of agricultural efficiency grade in China. In Figures 4 and 5 , we find that regional differences of agricultural eco-efficiency present a similar pattern in regional differences in agricultural pure technical efficiency in China. We find increasingly more agricultural pure technical efficient DMUs, primarily concentrated in Liaoning, Hebei, Beijing, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian, Guangdong, Hainan, Henan, Hubei, Chongqing, Sichuan, Qinghai, and Tibet. These provinces see rapid economic development, and science and technology update quickly, so these provinces have a higher agricultural pure technical efficiency. Figure 6 shows that agricultural scale efficiency has been at a higher level in China from 2003 to 2013. We find that the main influence factor of agricultural eco-efficiency is the agricultural pure technical efficiency. Only via the rational cooperative relationship of the variety of input elements in the process of agricultural production can it quickly improve the agricultural eco-efficiency. Figure 4 shows that the eastern region is more eco-efficient than the northeast, central, and western provinces. Regional differences of agricultural eco-efficiency have a similar pattern of economic development, population distribution, and cultivated land distribution in China. Relatively economically developed provinces, generally, have better ecological agriculture, advanced technology, higher management levels, and a higher quality of human resources [25] and thus use agricultural production material more efficiently and discharge fewer undesirable outputs. Tibet and Qinghai belong to a part of the Tibetan Plateau, where agricultural resources are relatively few, so the precision of agricultural production has been improving in order to raise agricultural output; at the same time, the Qinghai and Tibetan areas belong to a protected development zone in China's agricultural sustainable development partition. Therefore, Qinghai and Tibet have been agriculturally eco-efficient.
Spatial Variation of Agricultural Efficiency in China
Low
In Figures 4 and 5 we find that regional differences of agricultural eco-efficiency present a similar pattern in regional differences in agricultural pure technical efficiency in China. We find increasingly more agricultural pure technical efficient DMUs, primarily concentrated in Liaoning, Hebei, Beijing, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian, Guangdong, Hainan, Henan, Hubei, Chongqing, Sichuan, Qinghai, and Tibet. These provinces see rapid economic development, and science and technology update quickly, so these provinces have a higher agricultural pure technical efficiency. Figure 6 shows that agricultural scale efficiency has been at a higher level in China from 2003 to 2013. We find that the main influence factor of agricultural eco-efficiency is the agricultural pure technical efficiency. Only via the rational cooperative relationship of the variety of input elements in the process of agricultural production can it quickly improve the agricultural eco-efficiency. According to the various provinces' average agricultural eco-efficiency over the research period, we find that Chinese provinces with higher agricultural eco-efficiency are mainly concentrated in the eastern coastal area, south of the Qinling Mountains-Huaihe River Line, and north of the Yangtze River area; areas low in agricultural efficiency are concentrated in Northern and Southern China. In addition, from the Chinese agriculture comprehensive regionalization point of view, the agricultural eco-efficiency of traditional major grain-producing areas is lower than that of non-primary areas. 
Regional Differentiation of Agricultural Eco-Efficiency in China
As shown in Figure 7 , the Theil index of agricultural eco-efficiency was the lowest in the eastern region in the entire research period, but the overall performance was a small upward trend. The Theil index rose from 0.0266 in 2003 to 0.0329 in 2013, showing that the differentiation in agricultural eco-efficiency has an obvious tendency towards provinces in the eastern region. This is because the economic and technical differences in eastern provinces is larger; the Theil index of agricultural eco-efficiency largely fluctuates in the central region, where the Theil index rose from 0.0159 in 2003 to 0.0477 in 2013. The differentiation in agricultural eco-efficiency saw an upward trend between provinces of the central region, and the differentiation in the central region was larger than that of the eastern region. The Theil index of agricultural eco-efficiency in the northeast region demonstrated an "M" type of trend: The overall performance was declining, the Theil index dropped from 0.0402 in 2003 to 0.0364 in 2013, which shows that differentiation of the agricultural eco-efficiency had a downward trend between provinces of the northeast region. The Theil index of agricultural eco-efficiency was relatively high in the western region; however, the overall performance had a downward trend; the Theil index dropped from 0.1087 in 2003 to 0.0841 in 2013, larger than that of the northeast region. This is because the western region is China's traditional agricultural planting area, the basic conditions of agricultural relatively poor, and, especially, Qinghai and Tibet are not suitable for the development of large-scale agricultural production.
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Summaries and Conclusions
This paper addressed agricultural eco-efficiency by taking various undesirable outputs into account and using them to contain undesirable outputs of non-radial and non-angle of the DEA-SBM model and further identified the regional differences of agricultural eco-efficiency by 
This paper addressed agricultural eco-efficiency by taking various undesirable outputs into account and using them to contain undesirable outputs of non-radial and non-angle of the DEA-SBM model and further identified the regional differences of agricultural eco-efficiency by adopting the Theil Index during 2003-2013 in China. Using the real data of 31 provinces, an empirical study was employed to illustrate the eco-efficiency of regional agricultural systems in China. This study would gain deeper insights into agricultural eco-efficiency, and give a further guide on policy making of regional ecological agriculture development in China. In general, with the rapid development of agriculture modernization, the amount of undesirable outputs has been continuously increasing, which will lead to greater pressure on environment friendly agricultural production, which can occur through the development of ecological agriculture and thus a reduction in agricultural undesirable output. However, the ecological agriculture development level is still low, especially compared with developed countries.
The paper also provided evidence and suggestions with respect to China's agricultural development. The results show that agricultural eco-efficiency rose rising from 2003 to 2013 in China. The results also show that agricultural eco-efficiency increased from 7 provinces in 2003 to 12 provinces in 2013, and the spatial difference of agricultural eco-efficiency slowed. The results indicate that regional agricultural eco-efficiency presents a similar pattern of regional agricultural pure technical efficiency, and agricultural scale efficiency increased from 2003 to 2013 in China. The conflicting results of pure technical efficiency and scale efficiency indicate that China needs timely updates in its agricultural, technological, and rational institutional arrangement to improve its agricultural technology level and production methods and to achieve reduction intensity of undesirable outputs.
The results show that provinces with higher Chinese agricultural eco-efficiency are mainly concentrated in the eastern coastal area, south of the Qinling Mountains-Huaihe River Line, and north of the Yangtze River area. In traditional major grain-producing areas, agricultural eco-efficiency is lower than non-primary areas.
The Theil index analysis helps to understand the regional differences in agricultural eco-efficiency. Results indicate that China's agricultural eco-efficiency spatial differences between provinces is generally narrowing, creating a gradual equalization on regional agricultural development; spatial differences in agricultural eco-efficiency maximum values occur between the western provinces, but the Theil index of the western region is declining; the northeast region is less eco-efficient than the western region, with a Theil index showing a smaller downward trend; the spatial difference in agricultural eco-efficiency is increasing in the eastern and central regions, but the difference in the central region is more obvious.
The integrated approach applied in this paper is suggested as a tool to evaluate the eco-efficiency and to grasp the regional differences in draft policy scenarios for the sustainable management of agriculture. We believe that our research results will provide useful assistance to policy makers. China should draw lessons from foreign developed countries of agricultural policy and abandon the price support system. The ecological environment should become the core content of the agricultural subsidy policy in order to achieve an ecological subsidy shift away from a price subsidy.
